C hronic kidney disease (CKD) is a public health problem affecting millions of people worldwide and is an independent risk factor for cardiovascular disease and premature death. 1 The diagnosis of CKD generally involves the use of a cystatin CÀbased or a creatinine-based glomerular filtration rate (GFR) estimating equation, since measured GFR (mGFR) can be obtained only by use of an invasive procedure. The mean of a cystatin CÀbased and a creatinine-based GFR estimating equation usually produces the most reliable GFR estimate. [2] [3] [4] Although the cystatin CÀbased or creatinine-based GFR estimates generally agree, they disagree in some cases in the absence of known extrarenal influences on the plasma levels of cystatin C or creatinine. In virtually all of these cases, a cystatin CÀbased estimated GFR (eGFR cystatin C ) is lower than a creatinine-based eGFR (eGFR creatinine ). It has been suggested that an eGFR cystatin C /eGFR creatinine ratio #0.60 represents a new syndrome, called shrunken pore syndrome (SPS), 5 as the glomerular filtration of 12-to 29-kDa molecules seemed to be selectively impaired. 4, 5 The long-term mortality [6] [7] [8] and morbidity 8,9 of patients with SPS have been shown to be strongly increased in several cohorts, even in the absence of reduced GFR. Moreover, cardiovascular manifestations have represented a major part of the mortality. [6] [7] [8] [9] [10] All of these studies have used cystatin CÀbased and/or creatininebased GFR estimating equations to estimate GFR, but in an ongoing investigation of 2805 patients with measured GFR, SPS is also associated with a markedly shortened survival (A. Grubb, J. Björk, unpublished data). In the present work, the plasma levels of 177 selected proteins were determined in 156 patients from this cohort, with or without SPS and with or without reduced mGFR, to examine whether the proteome of patients with SPS differs from that of patients with normal or reduced mGFR in the absence of SPS. A second objective was to investigate whether some of the alterations in protein levels might contribute to an understanding of the increased mortality of patients with SPS. A third objective was to investigate the relationship between protein size and plasma level in patients with SPS and in patients with reduced mGFR in the absence of SPS.
MATERIALS AND METHODS

Study Population
The cohort of 156 patients studied in this work was selected from the Lund Cystatin C Standardization (LCS) cohort, primarily established to generate a new cystatin C-based GFR estimation equation (the CAPA equation). 11 The LCS cohort is based on consecutive Swedish Caucasian ($99%) patients above 18 years referred for determination of GFR by iohexol clearance at Skåne University Hospital, Lund, Sweden, from May 2008 to March 2010. During this period, 3495 GFR determinations were performed in 2847 patients. Common causes for referral were manifest or suspected diabetic nephropathy, interstitial nephritis, glomerulonephritis, nephrotic syndrome, hematuria, proteinuria, reflux nephropathy, myeloma, vasculitis, consideration of initiation of hemodialysis, evaluation of potential renal donors, control after kidney transplantation, and dosing of drugs cleared by the kidneys. For the present study, only data from the patients' first mGFR examination were included. A total of 2805 unique patients could be identified and followed longitudinally from the date of their first examination. The patients were, among other things, characterized concerning diagnosis at referral to the laboratory, mortality, death cause, and plasma level of cystatin C and creatinine.
11 From this cohort, 4 subcohorts of 39 individuals were selected, representing patients with normal mGFR, with or without SPS, and patients with reduced mGFR, with or without SPS. The patients were selected so that those with and without SPS did not differ significantly in terms of mGFR, age, body mass index (BMI), weight, or percentage of males/females (Table 1) , whether the patients had normal mGFR ($60 ml/min per 1.73 m 2 ) or reduced mGFR (<60 ml/min per 1.73 m 2 ). For each patient, the plasma levels of 177 selected proteins were measured. The study was approved by the local ethics committee (permissions LU 2015/860 and 2016/ 169). Patient data and samples were treated anonymously in all statistical analyses.
Measurement of GFR
Glomerular filtration rate was measured as plasma clearance of iohexol.
12 A recent systematic review of methods to measure GFR has shown that this method produces results comparable to those based on measuring urinary clearance of inulin. 13 
Measurements of Protein and Creatinine Concentrations
Relative protein levels of 177 proteins were measured using Olink CARDIOVASCULAR II and Olink INFLAM-MATION panels (Olink Proteomics AB, Uppsala, Sweden) according to the manufacturer's instructions. The Proximity Extension Assay (PEA) technology used for the Olink protocol has been well described 14 and enables 92
analytes to be analyzed simultaneously, using 1 ml of each sample. In brief, pairs of oligonucleotide-labeled antibody probes bind to their targeted protein, and if the 2 probes are brought in close proximity, the oligonucleotides will hybridize in a pairwise manner. The addition of a DNA polymerase leads to a proximity-dependent DNA polymerization event, generating a unique polymerase chain reaction target sequence. The resulting DNA sequence is subsequently detected and quantified using a microfluidic real-time polymerase chain reaction instrument (Biomark HD, Fluidigm, South San Francisco, CA). Data are then quality controlled and normalized using an internal extension control and an interplate control, to adjust for intra-and interrun variation. The plasma cystatin C levels in all samples were determined by an automated particle-enhanced immunoturbidimetric method 15 using a reference material traceable to the international cystatin C calibrator. 16 Creatinine levels were determined by an enzymatic colorimetric assay using a calibrator traceable to 
Statistical Analysis
Differences in the characteristics of the 4 studied cohorts (Table 1) were tested using a nonparametric method (MannÀWhitney U test). A P value <0.05 was considered significant. We investigated the impact of SPS, reduced mGFR, and their potential interaction for each protein using age, sex, and BMI by fitting a full linear model (NPX w SPS þ mGFR þ SPS * mGFR þ Age þ Sex þBMI). Statistical significance for each term was determined by the Wald test, and the P values were corrected for multiple testing using BenjaminiÀHochberg's method. An adjusted P value <0.05 was considered statistically significant. Significant changes in protein levels were assigned into 4 classes depending on the detected changes with SPS and mGFR: (i) SPS specific, (ii) reduced mGFR specific, (iii) specific for simultaneous presence of SPS and reduced mGFR, and (iv) interaction of SPS and mGFR. Estimated coefficients for the main effect of SPS and mGFR have essentially the same values (median linear difference, 5%) when comparing the full linear model with a model excluding the interaction term. To assess whether protein size (Dalton) correlates with the observed changes in plasma concentration in patients with SPS or with reduced mGFR, linear regression was used. A model was fitted for estimated effects (DNPX w Size) for both mGFR and SPS that included all significant changes in protein levels (P < 0.05, Wald test) from the analysis above. For easier interpretation, the estimated coefficients were linearized to percentage difference in all figures and Table 2 by calculating 100 Â (2 c -1), where c is the coefficient. The differences are relative to patients with normal mGFR ($60 ml/min per 1.73 m 2 ) and without SPS. Please note that the linearized relative values are multiplicative and not additive. All statistical analyses of Olink proteomics data were carried out using the R statistical programming language (R Foundation for Statistical Computing, Vienna, Austria).
RESULTS
A large population of Swedish, Dutch, and Japanese adults and children with measured GFR was recently Figure 1 . Protein concentration changes (%) in patients with shrunken pore syndrome (SPS). Changes are relative to the concentrations in patients without SPS and with normal measured glomerular filtration rate (mGFR). Error bars represent 95% confidence intervals for the estimated changes. Protein concentration changes were estimated from the coefficients of a full linear model (n ¼ 154/151; see Supplementary  Table S1 for each assay). Full protein names are given in Table 2 .
used to generate a cystatin CÀbased GFR estimating equation useful for all ages (the Caucasian, Asian, Pediatric and Adult, or CAPA, equation).
11 Of the Swedish adults, 2805 have been followed for at least 5 years. For the present study, 156 patients were selected, comprising 4 subcohorts of 39 patients, defined as follows: (i) normal mGFR ($60 ml/min per 1.73 m 2 ) with SPS; (ii) normal mGFR without SPS; (iii) reduced mGFR (<60 ml/min per 1.73 m 2 ) with SPS; and (iv) reduced mGFR without SPS. The cohorts were selected so that age, gender composition, BMI or weight, and mGFR were not significantly different between the groups with or without SPS for normal or reduced mGFR. The basic characteristics of these cohorts are given in Table 1 , including the estimated GFR obtained using the estimating equations CAPA cystatin C 11 and LM-REV creatinine 18 and the eGFR cystatin C /eGFR creatinine ratios using these equations. An eGFR cystatin C /eGFR creatinine ratio of #0.60 was used as a cut-off to define the presence or absence of SPS. 5 As expected, there were significant differences in the levels of cystatin C or creatinine, CAPA cystatin C , LM-REV creatinine , and the eGFR cystatin C /eGFR creatinine ratio between patients with and without SPS for both normal and reduced mGFR. The survival after 5 years was #50% in the populations with SPS compared to the populations without SPS, independent of whether mGFR was normal (P ¼ 0.0123) or reduced (P < 0.0001) ( Table 1 ). The major causes of death were cardiovascular disorders or cancer and the proportion of cardiovascular causes of death were greater in the groups with SPS; however, the differences were not statistically significant, probably due to the low number of patients studied.
By measuring the relative plasma levels of 177 proteins in the 4 cohorts using Olink's proteomics platform (Supplementary Table S1 ) based on the proximity extension assay, 14 we could detect significant differences in the levels of 88 proteins (multiple test adjusted P < 0.05) associated with SPS and/or reduced mGFR. Of these 88 differences, 30 were specifically associated with SPS, 27 with reduced mGFR, and 31 with both SPS and reduced mGFR in a regression model. Of the 30 differences specifically associated with SPS, 28 concerned increased levels ( Figure 1 ). Of the 27 differences specifically associated with reduced mGFR, 24 represented increases Table S1 for each assay). Full protein names are given in Table 2 . (Figure 2 ). Of the 31 differences associated with both SPS and reduced mGFR, 30 represented increases (Figure 3) . Three proteins had a significant interaction term indicating that they had a specific change with the simultaneous presence of SPS and reduced mGFR (Supplementary Table S1 ).
CLINICAL RESEARCH MS Almén et al.: Proteomes of SPS and Reduced GFR
It has previously been noted that there seems to be a tendency toward increased levels of smaller rather than larger proteins in SPS. 5, 7, 19 We therefore tested whether the size of the proteins in this study (approximated as molecular mass in Daltons) influenced their changes in concentration, using linear regression. For SPS, a significant inverse correlation (P < 0.05) was found between concentration change and protein size, with higher increases in the levels of smaller proteins (Figure 4 ). No such correlation (P ¼ 0.50) could be seen for reduced mGFR ( Figure 5 ).
DISCUSSION
Reduced GFR has been known to increase the plasma level of cystatin C since 1979 20 and cystatin C has been used as a marker for GFR since 1985. 21 The introduction of an automated procedure for measurement of cystatin C in 1994 15 has led to widespread use of cystatin C, or cystatin CÀbased estimating equations, to assess GFR. Cystatin C is commonly superior to creatinine as a marker of GFR 22 ; however, if creatininebased GFR estimating equations also incorporate age, sex, and race factors, they are generally comparable to cystatin CÀbased equations using only cystatin C as a parameter. 4, 23 A recent study of the levels of 2893 proteins in plasma demonstrated that the cystatin C level was the one most strongly correlated with measured GFR. 24 A decrease in mGFR or eGFR signals increased risks for development of end-stage renal disease, cardiovascular manifestations, hospitalization, and death. An eGFR based on cystatin C (eGFR cystatin C ) is consistently superior to eGFR based on creatinine (eGFR creatinine ) to predict these conditions. [25] [26] [27] [28] The cause for the superiority of cystatin C as a risk marker is unknown, but it has been suggested that inflammation (as measured by increased C-reactive protein levels) raises the cystatin C level, thereby augmenting its potential as a risk marker. 29 In elective surgery studies, however, a sharp rise in inflammation was seen Figure 3 . Protein concentration changes (%) in patients with both shrunken pore syndrome (SPS) (green) and reduced mGFR (red). Changes are relative to the concentrations in patients without SPS and with normal mGFR. Error bars represent 95% confidence intervals for the estimated changes. Protein concentration changes were estimated from the coefficients of a full linear model (n ¼ 154/151; see Supplementary Table S1 for each assay). Full protein names are given in Table 2. in patients, with large increases in the levels of Creactive protein and other inflammatory markers, but without any increase in the level of cystatin C. 30 The relationship between raised levels of C-reactive protein and cystatin C is therefore not a causal one.
Cystatin C is a much larger molecule than creatinine (13.3kDa vs. 0.113 kDa), and this has been suggested to underlie the superiority of cystatin C as a risk factor, as kidney disease might affect the filtration of molecules differently depending on their size. 4, 5 The glomerular sieving coefficient for very small molecules such as creatinine (0.113 kDa) is close to 1, but the coefficient for small proteins, for example, b-2-microglobulin (11.6 kDa), has also been described to be close to 1. 31 The sieving coefficient for proteins with a size of w40 kDa is still more than 0.001, 31 whereas very low sieving coefficients (<0.0001) have been described for proteins larger than albumin (66 kDa). 31 This means that if the sieving coefficients are selectively lowered for molecules between 5 and 40 kDa, for example, increased levels of plasma proteins between 5 and 40 kDa would occur, whereas the plasma levels of molecules less than 5 kDa and more than 40 kDa would essentially be unaffected. The plasma level of a protein is determined by its production and catabolic rate, and the lower the molecular size of a protein is, the higher its catabolism by glomerular filtration will be. This means that in SPS, proteins with a molecular size like that of b-2-microglobulin or cystatin C will generally display a greater decrease in filtration, and thus in catabolism, than proteins above 40 kDa and will consequently display a higher increase in plasma level. This mechanism might explain the significant inverse correlation found in SPS (but not in reduced mGFR without SPS) between concentration change and protein size, with higher increases in the levels of smaller proteins (Figure 4) . Because GFR generally is measured using molecules less than 5 kDa, measured GFR could be normal in the situation described above with selectively lowered sieving coefficients for molecules between 5 and 40 kDa, even in the presence of an abnormal ultrafiltrate and specific changes in the plasma levels of certain proteins indicating impaired filtration quality. As SPS is connected to a strong increase in mortality and morbidity, even in the absence of reduced GFR, [6] [7] [8] [9] it may be important to measure "filtration quality" 32 in addition to GFR when screening for kidney disease. Present screening for CKD Table S1 for each assay). Only proteins with significant concentration changes were included in the analysis.
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includes eGFR, based on creatinine, cystatin C, or both, as well as the urinary albumin-to-creatinine ratio. However, this screening may be improved in the future by identifying a low eGFR cystatin C /eGFR creatinine ratio, [4] [5] [6] 9 which could signal increased risks of cardiovascular disease, end-stage renal disease, and mortality. Proteins other than cystatin C can be used to estimate GFR, 21 and as they differ in molecular mass from cystatin C, 21 it might be possible to characterize impaired filtration quality and its clinical consequences more carefully by using additional measurements of plasma levels of these proteins. In fact, the correlation between inflammation (raised levels of C-reactive protein) and cystatin C might reflect that inflammation generally promotes development of atherosclerosis, including in the kidneys, which might produce impaired filtration quality before it produces impaired filtration of very small molecules such as creatinine and molecules used in the measurement of GFR.
There are several previous indications that, even when mGFR is normal, abnormal glomerular filtration occurs in the third trimester of pregnancy, especially in preeclampsia. This is based not only on studies of the levels of plasma proteins, [32] [33] [34] [35] [36] but also on clearance studies of dextrans of different sizes. 37 Analysis of the plasma levels of proteins of different sizes in 1349 patients consecutively referred to our laboratory and with known eGFR cystatin C and eGFR creatinine revealed that those with an eGFR cystatin C /eGFR creatinine ratio #0.60 had an increase in the plasma levels of low-molecular-mass proteins similar to that observed in patients with preeclampsia. 5 These results were interpreted as pointing to a common pathophysiological state of abnormal filtration quality in many types of patients other than just those with preeclampsia, and the syndrome was tentatively called "shrunken pore syndrome" to suggest a possible cause for the abnormal composition of the glomerular filtrate and the corresponding changes in the plasma levels of certain proteins. 5 Although the pathophysiological mechanism in SPS might be the one discussed here, it does not directly explain the increase in mortality and morbidity connected to SPS. It is possible, however, that changes in the levels of plasma proteins resulting from impaired filtration quality might at least partly explain the increase in mortality and morbidity associated with Table S1 for each assay). Only proteins with significant concentration changes were included in the analysis.
SPS. As can be seen from the present proteomic studies, a large proportion of the changes in plasma levels of proteins in SPS or reduced GFR concerns proteins with signaling functions. A survey of the literature suggests that of the 30 changes specific for SPS, 18 promote, or are associated with, atherosclerosis (Table 2 ). The same is true for 12 of the 31 changes occurring in patients with both SPS and reduced GFR [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] and for 10 of the 27 changes specific for reduced mGFR [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] (Table 2) . These results are compatible with the observations that the majority of the causes of morbidity and death in both patients with SPS and/or reduced GFR represent manifestations of cardiovascular disorders. [6] [7] [8] [9] 14 However, the selected Olink panels used to measure protein concentrations are enriched in cardiovascular and inflammation-associated proteins. The elucidation of the exact relationships between the changes in the levels of signaling proteins and cardiovascular manifestations therefore requires extensive further studies, but our study might suggest interesting possibilities for future treatment strategies. Those proteins that play a causal role in atherosclerosis, rather than simply acting as markers for the process, might represent potential targets for therapeutic interventions to reduce the risk of cardiovascular complications, not only in SPS patients but also in all patients with reduced mGFR.
As noted in Table 1 , all-cause mortality was markedly higher in patients with SPS, both in patients with normal and in patients with reduced GFR. Differences between the groups with respect to age, gender, and BMI were small and could not explain the association between SPS and mortality. We thus hypothesize that the difference in mortality is due to SPS, but we cannot rule out the possibility that the difference is confounded by other CV risk factors that were not available for the present investigation. In ongoing work, we plan to synthesize and analyze more detailed register data for the full LCS cohort of 2805 patients, 11 also with respect to cause-specific mortality. 
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